A full scale hydrodynamic simulation intended for the accurate description of shock-induced detonation transition was conducted as a part of an ignition sensitivity analysis of an energetic component system. The system is composed of an exploding foil initiator (EFI), a donor explosive unit, a stainless steel gap, and an acceptor explosive. A series of velocity interferometer system for any reflector measurements were used to validate the hydrodynamic simulations based on the reactive flow model that describes the initiation of energetic materials arranged in a train configuration. A numerical methodology with ignition and growth mechanisms for tracking multi-material boundary interactions as well as severely transient fluid-structure coupling between high explosive charges and metal gap is described. The free surface velocity measurement is used to evaluate the sensitivity of energetic components that are subjected to strong pressure waves. Then, the full scale hydrodynamic simulation is performed on the flyer impacted initiation of an EFI driven pyrotechnical system. Published by AIP Publishing. https://doi.org/10.1063/1.5025591 
Ignition sensitivity study of an energetic train configuration using experiments and simulation A full scale hydrodynamic simulation intended for the accurate description of shock-induced detonation transition was conducted as a part of an ignition sensitivity analysis of an energetic component system. The system is composed of an exploding foil initiator (EFI), a donor explosive unit, a stainless steel gap, and an acceptor explosive. A series of velocity interferometer system for any reflector measurements were used to validate the hydrodynamic simulations based on the reactive flow model that describes the initiation of energetic materials arranged in a train configuration. A numerical methodology with ignition and growth mechanisms for tracking multi-material boundary interactions as well as severely transient fluid-structure coupling between high explosive charges and metal gap is described. The free surface velocity measurement is used to evaluate the sensitivity of energetic components that are subjected to strong pressure waves. Then, the full scale hydrodynamic simulation is performed on the flyer impacted initiation of an EFI driven pyrotechnical system. Published by AIP Publishing. https://doi.org/10.1063/1.5025591 The analysis of a pyrotechnic mechanical system requires a full-scale fully integrated dynamic simulation of the flyer impacted initiation, fluid-solid interaction, and combustion of explosives arranged in a train configuration. The reaction of a solid-phase energetic material must be precisely calculated before transferring subsequent dynamic loading onto an inert structure in contact such as a metal or plastic that is commonly in contact with another energetic material in train configuration. A pyrotechnic mechanical device (PMD) 1 is typically devised of a number of energetic components together with inert gap materials that often play the role of a shock pressure attenuator intended for various applications.
A series of VISAR tests 2 and detailed hydrodynamic simulations 3 were used to validate the reactive flow model for predicting the shock initiation in a train configuration and quantify the shock sensitivity of the energetic materials. Test involves the detonation of a composite donor consisting of HNS (hexanitrostilbene, C 14 H 6 N 6 O 12 ) and HMX (cyclotetramethylene-tetranitramine, C 4 H 8 N 8 O 8 ), pressure attenuation in a stainless steel gap domain (STS), and ultimately shock-induced detonation of an acceptor that is composed of 97.5% RDX (cyclotrimethylene-trinitramine, C 3 H 6 N 6 O 6 ), 0.5% polyisobutylene, 0.5% graphite, and 1.5% calcium stearate with an initial density of 1.65 g/cm 3 after pressing. The exploding foil initiator (EFI), based on a high pulsed electrical power generator, was designed to launch a microKapton flyer for impact initiation of the HNS primer in order to understand its performance characteristics. Here, an EFI can directly initiate a secondary explosive by the impact of a flyer at a desired velocity. The shock pressure resulting from the impact velocity of a micro-flyer should be fully understood to quantify the shock sensitivity of the explosives. Therefore, in this study, an EFI is used to initiate an insensitive high explosive (HNS) from the impact of a Kapton flyer disk whose thickness (h flyer ) and diameter are 12.5 lm and 165.0 lm, respectively. VISAR measurements were conducted to obtain the free surface velocity at the surface of the inert gap metal. The experiments are not completely free from multiple reverberations of shock waves and large deformation of thin targets. It is a very difficult work to measure the velocity and the pressure accurately due to its extremely precise condition on a length scale of several micrometers and a time scale of a few microsecond units. Gubskii et al.
4 developed a multi-line diagnostic system for measuring the free surface velocity in a)
Author to whom correspondence should be addressed: jjyoh@snu.ac.kr shock physics experiments. This system is designed for the simultaneous measurement of surface velocity at multiple points. Forsman and Kyrala 5 from Los Alamos National Laboratory used the VISAR system to measure the transit time, the speed of shock waves in flight in transparent media, and the particle velocity. However, these studies did not take into account the actual environment of the system filled with high explosives; only the methodology was addressed. It has not been reported that the precise measurement of the free surface velocity was applied to ignition studies by charging several explosives to create a detonation shock wave. We have made precise adjustments to ensure that our experiments are fully implemented, but noted that minute errors can occur. The focal spot could be misaligned up to 25 lm, but this is an acceptable tolerance that does not affect the measurement results. In order to overcome this difficulty, numerical analysis based on hydrodynamic physics is also performed in an approach to determine the initial impact pressure at zero thickness of a target. By varying the target thickness, the attenuation pattern of shock waves is determined in terms of the distance of wave propagation for validation. Therefore, the impact velocity of a small-scale flyer and the ensuing shock pressure are investigated to determine the performance of the EFI system, and thus the sensitivity of the configured energetic system.
In this paper, a full-scale hydrodynamic analysis of multi-material reactive flow for simulating the shock-to-detonation transition of energetic materials in a train configuration is presented. The ignition and growth mechanisms 6 that impose physical reaction progress are implemented to reproduce the experimental data from VISAR measurements. The results are rigorously validated by the experimental measurements.
II. APPROACH
In order to simulate the energetic material response under high temperature and pressure conditions, one requires reactive flow models, such as the rupture model, the multimaterial interface tracking model and the hydrodynamic model, for accurately capturing various waves inherent to a globally hyperbolic system. For both the energetic material and the inert gap material, a compressible form of governing equations is used and the stress tensor for inert solids is composed of deviatoric stress and hydrostatic pressure. 7 The Mie-Gr€ uneisen equation of state (EOS) defines the pressure of the gap material, while the JWL (Jones-Wilkins-Lee) EOS is used for high explosives. The rate of chemical reaction is based on the ignition and growth steps previously built for RDX explosives. 8 The interface between two different materials is tracked through a hybrid particle level set method and the material properties near the interface are determined through the ghost fluid method. Here, only a brief explanation of the method is outlined. For more detailed discussions, one may refer to Ref. 9 .
A. Governing equations
The compressible Navier-Stokes equations in a twodimensional coordinate system reflect the conservation of mass, momentum and energy as shown in Eqs. (1), (2), and (3), respectively, 
where g ¼ 0 for energetic materials, while g ¼ 1 for inert materials. Here, r and z are the cylindrical coordinate variables, q is the density, and u z and u r are the velocity components of axial and radial coordinates, respectively.
r Þ=2 is the total energy per unit mass with the specific internal energy e and p is the hydrostatic pressure. The temperature is derived from the relationship, e ¼ C v T. The reaction rate, _ w i @k i =@tj Chem ¼ f ðT; pÞ, is described by the experimentally tuned ignition and growth mechanisms via a size effect data for the shock to detonation transition. The sharp material interface is guaranteed through the use of the hybrid particle level set method. 10 Then, the resulting system of hyperbolic system of equations was solved by a third-order Runge-Kutta and essentially non-oscillatory (ENO) methods 11 for temporal and spatial discretizations, respectively.
Here, the stress effect in the unreacted solid state can be ignored in comparison with the dominant hydrostatic pressure of the reacted gas state of high explosives. However, to capture the drastic change in deformation of the inert material, the Cauchy stress tensor is formulated into deviatoric stress tensor and hydrostatic pressure as follows:
where I 1 and J 1 are the first scalar invariant of the Cauchy stress tensor and the deviator stress, respectively. The deviatoric stress tensor, s ij , and the hydrostatic pressure, p, are taken to be positive in compression.
where e is the strain tensor and e e and e p are the elastic strain tensor and the plastic strain tensor, respectively. e 0p is the plastic deviatoric strain tensor, D ij and D ij are the strain rate tensor and the deviatoric strain rate tensor, respectively. Components of the strain tensor are used to derive the yield stress depending on the shear rate in the form of the Johnson-Cook flow stress model.
B. Constitutive relation
In order to describe both the unreacted and product states of the energetic material, the equations of state defining the pressure are necessary. The Jones-Wilkins-Lee (JWL) form of equations 12 are shown in Eqs. (7) and (8) for the unreacted reactant and gaseous products of high explosives
Here, A, B, C, R 1 , and R 2 are the material dependent JWL parameters with x being the Gr€ uneisen coefficient of the explosive. These parameters were obtained by fitting the JWL EOS to the cylinder expansion test results or thermodynamic equilibrium calculation of CHEETAH, 13 where e 0 ¼ q 0 C v T refers to the thermodynamic energy. c 0 and s are the bulk sound speed and the linear Hugoniot slope coefficient, respectively. The shock speed relations are s ¼ du shock =du particle ;
where the shock velocity is u shock and the material particle velocity is u particle . The shock velocity and the particle velocity were assumed to have a linear relationship, and qC was assumed to be constant
Here, p H and e H are
As for the gap materials, Mie-Gr€ uneisen EOS 14 is adopted to calculate the pressure of non-reactive materials shown in the following equation:
Here, l ¼ q/q 0 -1.
C. Chemical reaction of the highly explosive materials
The reactive flow model is described by the rate law that was suggested by Kim et al., 8 shown in the following equation:
Here, constants I, a, G, and b are the unknown parameters, while k is the burned mass fraction that represents reaction progress such that k ¼ 0 is the unreacted state and k ¼ 1 is the reacted state. Four unknown parameters of major significance in view of detonation were determined by the size effect data for a standardized rate stick test. 8 The size effect curves showing detonation velocity versus inverse radius are shown in Fig. 1 . CHEETAH is also used to predict the detonation velocities and the pressure dependent on the charge radius.
The relationship of the energy balance between driving and expansion in an unconfined rate stick test allows prediction of the dependence of detonation velocities on charge diameters. CHEETAH is indeed quite convenient to obtain the detonation behavior of high explosives. Especially, the pressure sensitivity, b, can be analytically determined by using the size effect data from CHEETAH calculation. The analytic solution is in good agreement with the CHEETAH data. Here, the analytic line 8 is calculated using the following equation:
For RDX, the constants of ignition I and growth G were set to 5.8 Â 10 7 s À1 and 2.4 Â 10 6 s À1 GPa Àb , respectively. The pressure sensitivity b was 1.1 and the compression sensitivity a was 4.0.
The rate law of HMX was modeled by Eq. (19) with the rate parameters I ¼ 4.4 Â 10 7 s
The rate law of HNS was modeled by Eq. (20), as all such rate parameters used in the calculation are summarized in To obtain a sharp interface between two different materials, a hybrid particle level set method 10 is applied. The motion of the level set follows the equation
Here, the interface of each substance is a zero level set / ¼ 0. / < 0 indicates the inner side and / > 0 indicates the outside of the material. This equation is integrated with a 4th order scheme in space and a 3rd order Runge-Kutta method in time.
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While calculating the interface level set function, a drastic change in the material property may give rise to distortion of the interface. To remedy this weakness, a periodic re-initialization is adapted by solving the following equation until a steady state is reached
Here, S is expressed as
with d being the grid size. The dissipation characteristics of the ENO scheme and re-initializations of the level set lead to the interface round off errors and violation of mass conservation.
E. Ghost fluid method
The materials properties change drastically across the interface between any two different materials. This is mainly due to the discontinuous entropy distribution at the interface that results in numerical truncation errors, which can be quite significant if not properly treated. In the present method, the ghost cells are populated in the opposite of the real material of interest using the extrapolation, while having the continuous entropy distribution. Here, the real discontinuous entropy distribution is merged with the entropy distribution of ghost cells and generates proper boundary conditions. The physical conditions are used in the ghost band, where the pressure and the velocity are the same as the interface conditions. Then, the entropy in the ghost band is assigned the value of the real material. All other remaining variables are determined through the entropy relation and the proper EOS. 15, 16 Two nonlinear characteristics that intersect at the interface are given by Eqs. (24) and (25) 
With the interface characteristics, we have the following linearized relations
The modification to the ghost method is directly expressed in Eqs. (27) and (28)
F. Interface conditions
At the interface, the velocity components in the normal direction and stress fields must remain continuous following the conservation law expressed in Eqs. (29) and (30)
The particle velocity at the surface is zero as shown in Eq. (31)
III. MODELING CONSTANTS Table I shows the C-J (Chapman-Jouguet) conditions for the energetic components used in this work. The chemical initiation and the pressure growth of energetic materials were calculated from the reactive flow model with a JWL EOS with parameters of Table II . The JWL EOS parameters of product gases were calculated with CHEETAH. The material properties and Mie-Gr€ uneisen EOS constants are summarized in Table III .
IV. EXPERIMENTAL AND NUMERICAL RESULTS WITH VALIDATIONS A. A flyer impact onto a stainless steel target
A schematic of the pyrotechnic device including the EFI module is shown in Fig. 2 . The device operates as the shock wave generated by the detonation of the primer explosive. Utilizing the impact of a flyer is a useful technique to generate a reproducible pressure pulse in a target material. The impact pressure and the duration of the pressure pulse can be easily controlled by changing the impact velocity and the thickness of the flyer, respectively, and by tuning the initial energy that moves the flyer. Therefore, in this experiment, an EFI is used to generate the input shock loading on the explosive. The expansion of high-density plasma rapidly accelerates a thin Kapton flyer to the desired velocity by varying the charging voltage of the capacitor. Subsequently, an explosive block is initiated from a shock wave generated by the flyer impact. VISAR measurements were conducted to obtain the impact velocity of a flyer for characterizing EFI. Stainless steel of 304 type is used as a witness plate, the thickness of which varies from 100 to 300 lm to obtain the shock attenuation data according to the distance of wave propagation. Here, the thickness and the width of the flyer are 12.5 lm and 165 lm, respectively. An alignment guide ring, which has a small hole at the center, is utilized in the target assembly. By varying the gap thickness, the shock wave attenuation was detected. Figure 3 presents the Schlieren contour in a 400 lm thin stainless steel target, subjected to 12.5 lm thin Kapton flyer impact at 2500 m/s. The consecutive images are captured at time intervals of 20 ns. The 2-D shock front structure propagates in longitudinal and radial directions. The Schlieren images show the propagation of a major pressure wave due to the flyer impact and generating the minor rarefaction waves induced by the surface deformation. These sound pressures, which develop in a wide variety of forms, propagate in superposition with each other. Therefore, the shock wave due to the initial flyer collision is propagated at a very high speed and is observed to be bounced by the end wall of the STS target. The low-density waves generated by the deformation of the lower surface of the STS appear to overlap at the bottom. This triangular shape behind the leading shock is formed by shock reflections and focusing at the beginning of the flyer impacting times from 0.08 ls to 0.10 ls. Figure 4 shows the shock pressure and the particle velocity along the STS target thickness. The maximum particle velocity was calculated to be about 270 m/s, as impacted by the 2500 m/s flyer. The initial impact pressure of the target is about 12 GPa and the pressure gradually decreases as it passes through the STS target. In the case of the flyer impact of 2000 m/s, the shock pressure and the particle velocity were 10.8 GPa and 210 m/s, respectively.
The temporal profiles of the free surface velocity for STS targets with 5 different thicknesses of 100, 150, 200, 250, and 300 lm are shown in Fig. 5 . In Fig. 5 , the free surface velocities as measured by VISAR are given. There appear to be variations in the measured velocities at jump-off from test to test. For example, in the test for 100 lm thick STS, the highest measured jump off is $240 and the lowest is $160. For 200 lm thick STS, the range is from 140 to 70 m/s. These kinds of fast measurements on small length scales are difficult, and therefore some variability is to be expected. VISAR is particularly sensitive to the flatness of the reflective surface and the flyer is subject to rotation, bending, and fragmentation during flight, which can cause variations in the measurements.
The signals were measured by VISAR at the capacitor charging voltage of 1 kV. The first peak represents the first arrival of the shock wave at the end surface of the STS and the consecutive peaks mean its reverberations in a target. Several repetitive experiments show that the VISAR test data are robustly derived with a small error range.
We have maximized the quality of the VISAR probe beam to improve the accuracy of test results. The optical fiber was connected to the collimator and the laser beam passed through the aperture. Accordingly, we apply a beam expander and a lens of short focal length to increase the numerical 
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Kim, Yu, and Yoh J. Appl. Phys. 123, 225901 (2018) aperture. Consequently, the spot diameter of 5 lm and the numerical aperture of 0.19 radius are obtained from an incident beam size of 15.5 mm, a focal length of 40 mm, and a laser wavelength of 1550 nm. Under these experimental conditions, the free surface velocity by shock loading ranges from 2 to 3 orders of m/s and the duration of surface movement considering multiple shock reverberations is several hundreds of nanoseconds. Therefore, the displacement by the shock wave is several tens of lm and then the focal spot increases by several lm. Figure 6 shows the free surface and particle velocities measured by VISAR for STS targets of 100, 150, 200, 250, and 300 lm thicknesses. The free surface velocity is twice the particle velocity, u f ¼ 2u p . The shock velocity and the pressure are calculated from the measured free surface velocity using Eqs. (11) and (12) and plotted in Fig. 7 . Figure 8 presents the particle velocity and shock pressure comparisons between experiment and calculation, upon a flyer impact at 2500 m/s and 2000 m/s, according to the distance of wave propagation within STS target. The particle velocity is fitted to the calculated velocities resulting from the impact of a flyer at 2000 m/s and 2500 m/s. Since the experimental values are located between the two flyer speeds, the actual collision speed is estimated to be between 2000 m/s and 2500 m/s. The impact pressure applied to the STS target varies depending on the collision speed. The figure shows the particle velocity and the pressure of a shock wave that is gradually attenuated by impact. Since the initial impact pressure is different, there is a difference between 2000 m/s and 2500 m/s, and then the pressure wave passing through the STS target tends to decrease with hydrodynamic attenuation. Based on the VISAR measurements, the impact velocity of a flyer was inferred from a calculation that closely resembles the tendency of the experimental measurement. While the gauges in the simulation recording the time history of the shock properties are placed along the exact central axis, the focal point of the VISAR probe beam can be aligned slightly off the center. Since the hole of the guide ring for the center alignment has a tolerance of 50 lm, the focal spot could be misaligned up to 25 lm.
B. Initiation of HNS upon a flyer impact
An EFI was designed to launch a microKapton flyer for the impact initiation of a high explosive. Figure 9 shows the 
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Kim, Yu, and Yoh J. Appl. Phys. 123, 225901 (2018) impact with the minimum pressure to ignite the primer is applied. Otherwise, a No-go reaction appears. Figure 10 shows the comparison of the free surface velocity measured and calculated at the surface of the STS with thicknesses of 1.0, 2.0, 3.0, and 4.0 mm upon detonation of donor (HNS þ HMX). The free surface velocity profile which is related to the pressure of the shock wave generated by the detonation of the donor explosive shows a sharp peak and decreases rather rapidly. The maximum value of the free surface velocity decreases as the gap thickness increases because of the shock pressure attenuation. One can confirm that the periods of the longitudinal wave arrival and the magnitude of the peaks in the STS target match quite well. In this case, the averaged propagating speed of the shock wave was about 4670 m/s.
The pressure profile along the center line of the STS gap is shown in Fig. 11 . The generated detonation pressure of the donor was about 35 GPa and the pressure gradually decreases as it passes through the STS target. Although VISAR peaks at 4.0 mm thickness slightly over-measure the calculated pressure profiles, the overall attenuating pressure profile agrees well with the measurement.
C. Shock-induced ignition of RDX
The performance characteristics of a pyrotechnic device with different target thicknesses are considered from the firing tests. Figure 12 chemical reaction is initiated and the thermal energy generated by the reaction supports the propagation of the detonation wave. The peak pressure of the shock wave is gradually decreased when it passes through the non-reactive STS target, because the compression consumes energy. The Go reaction can be observed if the shock wave with the minimum pressure to ignite the acceptor is reached. Otherwise, a No-go reaction appears. Table IV summarizes the results of the RDX explosion test according to gap thicknesses. The test was repeated several times until a 3.8 mm gap thickness in the case of a 5 mm detonator and a 2.3 mm gap in the case of a 3 mm detonator showing the Go reaction. More samples were used to ensure the reliability of the result between 4.0 mm and 2.6 mm which showed Go and No-go tendency. In the 5 mm detonator experiments, the 3.9 mm and 4.0 mm gap thicknesses initiated the sample 7 times out of 20 (45.0%) and 2 times out of 10 (20.0%), respectively. In the 3 mm tests, the 2.4 mm gap initiated the sample 11 times out of 24 (45.8%), while the 2.5 mm and 2.6 mm gap thicknesses initiated the sample 7 times out of 16 (43.8%) and 6 times out of 24 (25.0%), respectively.
The critical gap thicknesses of 3.8 mm and 2.3 mm are in good agreement with the experimental data, including both the detonation pressure of energetic materials and its attenuation within the non-reactive materials.
V. CONCLUSION
A detailed discussion on the hydrodynamic calculation and the VISAR test for an ignition sensitivity study of a 
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Kim, Yu, and Yoh J. Appl. Phys. 123, 225901 (2018) pyrotechnic device is presented. The numerical methodology with ignition and growth mechanisms for tracking multimaterial boundary interactions as well as severely transient fluid-structure coupling between high explosive charges and metal gap are described. The free surface velocity measurement is used to evaluate the sensitivity of energetic components that are subjected to a strong pressure wave. The EFI was characterized through experiments measuring the induced shock in a steel plate. The output of the explosive booster was also 
